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INTRODUCTION 

 
Mapping activities in Southeast Florida have progressed substantially in the last few 
years (Banks et al., 2008; Collier et al., 2008; Walker et al., 2008). High resolution laser 
bathymetry has been acquired for the nearshore seafloor (<30 m depth) from Fowey 
Rocks in south Miami-Dade County to Jupiter Inlet in north Palm Beach County. In 
addition to bathymetry, the benthic habitats have been mapped for all of Broward and 
Palm Beach counties. The benthic habitat mapping efforts employed a combined- 
technique approach incorporating laser bathymetry, aerial photography, acoustic 
ground discrimination (AGD), video groundtruthing, limited sub-bottom profiling, and 
expert knowledge (Walker et al., 2008). Nova Southeastern University’s Oceanographic 
Center (NSUOC) and the National Coral Reef Institute (NCRI) led this effort with 
interagency funding by National Oceanic and Atmospheric Administration (NOAA), 
Florida Department of Environmental Protection (FDEP), and Florida Fish and Wildlife 
Research Institute (FWRI). The maps were produced by outlining the features in the 
high resolution bathymetric data and classifying the features based on their 
geomorphology and benthic fauna. In situ data, video camera groundtruthing, and 
acoustic ground discrimination were used to help substantiate the classification of the 
habitats using aerial photography and geomorphology. Accuracy assessment of the 
maps have shown high levels of accuracy comparable to that of using aerial 
photographs in clear water (Walker et al., 2008). 

 
The Broward and Palm Beach mapping efforts were accomplished using a two phased 
approach. The first phase was an expert driven visual interpretation of high resolution 
bathymetry to outline the geomorphological features at a 1:6000 scale with a one acre 
minimum mapping unit (mmu). The second phase was the analyses of an acoustic 
ground discrimination survey which was used to further discriminate the sea floor 
based on the density of organisms. The AGD provided an additional map layer of 
relative estimated benthic cover density, including benthic cover density of gorgonians 
and macroalgae. These data supplemented the geomorphology-based layer to include 
not only mapping between features, but also the variability of within-habitat features. 

 
This report describes the phase two acoustic mapping of the benthic habitats of Miami- 
Dade County, using the same dual-frequency single-beam BioSonics DT-X echosounder 
used for the 2006 acoustic mapping of Palm Beach County. An innovative approach to 
supervised classification was used to refine a training dataset into fourteen pure end- 
member classes of geomorphological and biological elements. The acoustic mapping 
products will complement the phase one benthic habitat map by (i) providing accurate, 
high resolution descriptions of within-habitat variability, (ii) refining the estimate of 
hardbottom habitat extent, (iii) subclassifying phase one benthic habitats, (iv) adding a 
biological layer of gorgonian abundance and distribution, and (v) providing cross-shelf 
bathymetric transects at sub-meter spacing. It is likely that more synergies will be found 
as the fusion of phase one and two mapping products progresses. 
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METHODOLOGY 
 

Acoustic Data Acquisition 
 

The acoustic survey was conducted between the dates of August 9, 2010 and May, 9 
2011. The survey encompassed 32.1 square miles and extended from 25.9484○ (SR 860) 
in the north to 25.6934○ (SR 878) in the south (Figure 1). North of Government Cut, 
survey depth ranged from 4 m (200-500 m from the high tide line) to 43 m, at the deep 
edge of the 2009 benthic habitat map (BHM) (Walker 2009). South of Government Cut, 
the survey depth ranged from 6.5 m (~4 km from the high tide line) to 41 m, at the deep 
edge of the BHM. The survey was conducted along pre-planned lines; east-west lines 
were spaced 75m apart and north-south lines were spaced 150m apart. The total east- 
west and north-south traverses were 663 and 158 miles, respectively. Acoustic data 
were acquired with a BioSonics DT-X echosounder and two multiplexed, single-beam 
digital transducers with full beamwidths of 10o (38 kHz) and 6.4o (418 kHz). The two 
transducers were located on a swing-arm mounted to the gunwale of the 7.5m survey 
vessel, with the GPS antenna directly above the transducers (Figure 2). Global 
positioning data were collected with a Trimble Ag132 dGPS, differentially corrected 
against the Wide Area Augmentation System (WAAS) signal to achieve positioning 
accuracies less than 0.9 m horizontal dilution of precision. This was the exact same 
system used for the 2006 acoustic survey of Palm Beach County. Vessel speed was 
maintained between 4-4.5 knots to avoid turbulence-induced signal contamination. 

 
Post-Processing of Acoustic Data 

 

The 38 and 418 kHz acoustic data were processed with BioSonics Visual Bottom Typer 
(VBT v2.0) seabed classification software to obtain the following acoustic energy 
parameters, computed as the time integral of the squared amplitude of echo intensity; 
E0 (pre-bottom backscatter), E1’ (the leading edge of the first echo envelope), E1 (the 
trailing edge of the first echo envelope), and E2 (complete second echo envelope). VBT 
also computed the Hausdorff fractal dimension (FD) of the E1 envelope, simplified by 
gridding the echo envelope into ‘box’ dimensions (Figure 3). VBT uses a time-varied 
gain (TVG) adjustment to correct echo intensity for spherical spreading and adsorption 
losses and a linear depth-normalization algorithm to normalize E1 to a user-input 
reference depth (set to the average survey depth of 20m). The reference depth algorithm 
attempts to account for the dilation of echo length with increasing depth by adjusting 
the width of the E1′ and E1 bottom sampling windows. However, the value of E1 was 
found to vary consistently with depth. The values of E1′, E2, and FD also varied with 
depth. This suggests other factors were at work. These factors likely include less-than- 
perfect TVG and reference depth compensation and depth-dependent proportions of 
specular and incoherent backscatter. To produce depth-invariant values of acoustic 
parameters, empirical depth-normalization models were produced using acoustic 
records collected within the Sand-Shallow and Sand-Deep polygons of the 2009 BHM, 
which was produced from visual-interpretation of LiDAR and aerial imagery and video 
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ground-validation (Walker 2009). This empirical approach reference depth 
compensation assumed that the main variable affecting the values of acoustic 
parameters was depth, given the relative homogeneity of the Sand-Shallow and Sand- 
Deep habitats (and the large number of records employed). 200,000+ acoustic records 
were binned into 0.5m depth increments and curves were fitted to each acoustic 
parameter. These models were then used to empirically normalize the 38 kHz logE1′, 
logE1, logE2, FD and 418 kHz logE1′, logE2, and FD to the average survey depth of 20m 
(Figure 4). The 38 and 418 kHz E0’s and the 418 kHz were depth-invariant and did not 
require normalization. Correction factors were applied to each acoustic record, 
calculated as the ratio of model-predicted value of the acoustic parameter at the actual 
depth divided by the model-predicted value of the acoustic parameter at the reference 
depth. 

 
Quality Analysis 

 

After empirical depth normalization, survey records were passed through a series of 
Quality Analysis (QA) filters to identify and remove irregular acoustic returns (mainly 
the result of excessive vessel pitch and roll). The QA filters included minimum and 
maximum depth filters (0.005 and 0.995 percentiles, respectively), lower and upper 
percentiles of log-transformed, depth-normalized acoustic parameters (0.01 and 0.99, 
respectively), and maximum slope (16○, based of sequential depth-picks). In addition to 
flagging excessive pitch and roll, the maximum slope filter also removed echoes 
acquired on steep slopes. On a steep slope the acoustic wavefront ensonifies an ellipse 
instead of a circle, resulting in a stretched and flattened echo envelope. The 
functionality of this filter is illustrated in Figure 5. The QA’d 38 and 418 kHz records 
were then merged into a single dataset. Only records for which all ten acoustic 
parameters passed QA filters were retained. Of the 628,394 records collected during the 
survey, 536,884 (85.4%) remained after QA and the 38 ¢;> 418 kHz merge. 

 
Supervised Classification (Multi-Pass DA) 

 

The merged 38 and 418 kHz survey records were assigned to a benthic class using an 
innovative method of supervised classification that refined a training dataset into pure 
end-member classes via multiple passes through discriminant analysis (DA) (Figure 6). 
A total of twelve predictor variables were utilized (418kHz depth, 38-418 kHz depth, 38 
kHz E0, E1′, E1, E2, FD and 418 kHz E0, E1′, E1, E2, FD). Figures 7-12, created by 
averaging the values of acoustic survey records contained within BHM polygons, 
provide a general impression of the discriminatory capabilities of individual acoustic 
parameters. The training dataset was assembled from two streams of information. First, 
the survey data was joined with the 2009 BHM in ArcGIS 9.3, pairing each acoustic 
record with a spatially coincident BHM geomorphological classification. A subset of 
survey data (25,923 records) was randomly selected for the training dataset, which 
initially consisted of fifteen categories of detailed geomorphological structure; (1) Sand- 
Borrow,  (2)  Sand-Shallow,  (3)  Sand-Deep,  (4)  Artificial,  (5)  Colonized  Pavement- 
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Shallow, (6) Colonized Pavement-Deep, (7) Ridge-Shallow, (8) Ridge-Deep, (9) 
Individual Patch Reef, (10) Aggregated Patch Reef-Shallow, (11) Aggregated Patch Reef- 
Deep, (12) Linear Reef-Inner, (13) Linear Reef-Middle, (14) Linear Reef-Outer, and (15) 
Spur and Groove. This number was eventually reduced to the following eight 
categories through a series of exploratory DA’s, by eliminating minor constituents and 
grouping acoustically-similar bottom types; (1) Sand-Shallow, (2) Sand-Deep, (3) 
Colonized Pavement-Shallow and Ridge-Shallow, (4) Aggregated Patch Reef-Deep, (5) 
Ridge-Deep, (6) Linear-Inner, (7) Linear-Middle, Linear-Outer and Colonized 
Pavement-Deep, and (8) Spur and Groove. Figure 13 illustrates the rationale for 
combining BHM classes on the basis of geomorphological similarity. In the first 
example, the LiDAR topography of the acoustically-indistinguishable Colonized 
Pavement-Deep and Linear Reef-Outer classes can be seen to appear very similar to 
each other. The second example illustrates the same scenario for the Colonized 
Pavement-Shallow and Ridge-Shallow classes. 

 
The second element of the training dataset was a large collection of 60-second acoustic 
samples acquired over erect colonies of gorgonians. Spatially-coincident videos were 
reviewed for areal cover (0%, 1-10%, 10-25%, 25-50%, 50-100%), canopy height (0.25- 
0.50m, 0.50-1.0m, 1.0-1.5m), and substrate rugosity (low and high). Of the 143 60-second 
samples submitted to the training dataset, 93 were collected during the Miami survey 
(hold-outs from accuracy assessment) and 50 were collected during the 2006 acoustic 
survey of Palm Beach County (which utilized the same echosounding apparatus). Each 
60-second sample was assigned to one of six classes based on areal cover, canopy 
height, and rugosity; (1) 10-25% cover / 0.25-0.50m / low rugosity, (2) 10-25% cover / 
0.25-0.50m / high rugosity, (3) 10-25% cover / 0.50-1.5m / low rugosity, (4) 10-25% 
cover / 0.50-1.0m / high rugosity, (5) 25-50% cover / 0.50-1.5m / low rugosity, and (6) 
25-50% cover / 0.50-1.0m / high rugosity. The need to differentiate between substrate 
rugosity reinforces the widely-accepted notion that acoustic returns are informed by the 
combination of structural and biological attributes of the ensonified seabed. 

 
The total number of 60-second samples was reduced from 143 to 87 in a series of 
exploratory DA’s. Samples were sequentially rejected on the basis of poor classification 
accuracy, so that only most acoustically distinguishable gorgonian samples remained in 
the final version of the training dataset, now consisting of 14 categories (eight BHM 
categories and six gorgonian categories). Figure 14 displays representative wave 
envelopes and cumulative echograms for a selection of training categories. The presence 
of gorgonians can be seen as an increase in E1 (due to signal scattering within the 
canopy and the resultant increase of echo path length) and a decrease in E2 (due to the 
reduced probability of a scattered echo completing two returns). The training dataset 
was refined into pure end-member classes by multiple passes through DA. Only those 
records that classified correctly and exceeded a minimum probability of group 
membership were passed on to the next DA. 
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Classification of Survey Data 
 

DA generates a set of Fisher’s linear discriminant functions, derived from the linear 
combinations of predictor variables that provide the greatest discrimination between 
the pre-defined categories. The Fisher’s linear discriminant coefficients obtained from 
the third DA were used to classify the survey records into one of fourteen categories. A 
discriminant score was calculated for each category by multiplying the Fisher’s 
coefficient by the corresponding acoustic variable, summing the products and adding a 
constant. The record was classified as the category with the greatest discriminant score. 

 
Accuracy Assessment 

 

AA targets were assigned to BHM categories in ArcGIS 9.3, using the stratified random 
sampling protocol within Hawth’s Tools. A total of 437 external accuracy assessment 
(AA) samples were collected directly following the acoustic survey. Because it would 
not be feasible to raise and lower the transducer arm between samples, the transits 
between points were made with the transducers in the water, which limited vessel 
speed to 5 knots. For this reason, AA samples were situated within six cross-shelf 
corridors to reduce the distance between AA targets. Targets were approached with the 
vessel at idle speed. Once the vessel was on station, the engines were put into neutral 
and a weighted drop video camera was rapidly deployed and towed a few feet above 
the seabed. The video camera was rigged to point straight down for accurate estimation 
of planar gorgonian cover. Periodically, the camera was lowered to contact the seabed 
for a close-up view of biological cover and bottom type. Video and sonar data were 
collected for a period of 60 seconds. The Trimble dGPS latitude and longitude and UTC 
time were burned onto the recorded video for post-survey synchronization with 
acoustic data. 

 
AA videos were reviewed post-survey and; (i) assigned to one of seven bottom types 
(sand-ripples, sand-flats, sand-crustose, algal plain, sand over hardbottom, sand and 
hardbottom, and hardbottom), (ii) AA sample purity (the percentage of pings acquired 
within the target habitat), (iii) planar percent cover and canopy height of macroalgae 
and gorgonians (for samples acquired over mixed sand and hardbottom habitats, a 
separate categorization was made for hardbottom gorgonian cover), (iv) the 
Absence/Presence of live hard coral, giant barrel sponges (Xestospongia muta), 
encrusting sponges and white zooanthids (Palythoa caribaeorum), and staghorn coral 
(Acropora cervicornis), (v) the Absence/Presence of a transition between bottom types 
(E.g. sand to colonized pavement) and mixed relief (e.g. patch reef on colonized 
pavement), and (vi) the percentage of seabed estimated to be reef (Appendix A1-A6). 
The AA acoustic data was subjected to the same VBT processing, QA, and 38 ¢;> 418 
kHz merging as described for the survey data. 

 
The AA was conducted using two main approaches; (1) direct comparison of acoustic 
survey classifications to spatially-coincident BHM classifications, and (2) 
synoptic comparisons of acoustic survey classifications to visually-interpreted cover 
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and bottom type. In the first approach, a confusion matrix was constructed as an array 
of numbers arranged in rows (acoustic classification) and columns (BHM classification). 
Typically, such a matrix is square (i.e. an equal number of model and truth classes), 
but in this case there were more model classes due to the addition of gorgonians to 
the training dataset (for which there was no corresponding BHM classification). Overall 
accuracy (Po) was calculated as the sum of the major diagonal divided by the total 
number of survey samples acquired within a BHM category. Each diagonal element 
was divided by the column total to yield a producer’s accuracy and by the row total to 
yield a user’s accuracy. The producer’s and user’s accuracies provide different 
perspectives on classification accuracy. The producer’s accuracy (omission/exclusion 
error) indicates how well the mapper classified a particular category, i.e. the percentage 
of times that substrate known to be sparsely covered was correctly interpreted sparse 
cover. The user’s accuracy (commission/inclusion error) indicates how often map 
categories were classified correctly, i.e. the percentage of times that a sample classified 
as sparse cover was actually sparse and not abundant or contiguous. 

 
In the second approach, a number of comparisons were made between the acoustic and 
video classifications to provide a synoptic picture of classification efficacy. The 
gorgonian percent cover would be calculated using (i) the frequency of acoustic 
classifications within a particular BHM category and (ii) the average percent cover of 
the six gorgonian classes (Classes 9-12 = 10-25%, average = 17.5%, Classes 13-14 = 25- 
50%, average = 37.5%). As an example, the total acoustically-predicted percent cover, 
irrespective of canopy height, for the 8,169 acoustic records falling with the eleven 
Ridge-Deep BHM polygons would be calculated as follows; 

 
Total % Cover of Gorgonians within Ridge-Shallow habitat (acoustic) = [(sum (Class 9- 
12 records) × 0.175 + (sum (Class 13-14 records) × 0.375] / [sum (Class 1-14 records)] 
= [(451) × 0.175 + (38) × 0.375] / [8,169] = 1.14% 

 
AA samples were calculated using a similar approach, the only difference being the 
addition of the 1-10% cover category. As an example, the total visually-interpreted 
percent cover, irrespective of canopy height, for the 21 AA samples collected within the 
Ridge-Deep BHM polygons would be calculated as follows; 

 
Total % Cover of Gorgonians within Ridge-Shallow habitat (AA) = [(sum (AA records 
assigned 1-10%) × 0.055 + sum (AA records assigned 10-25%) × 0.175 + sum (AA records 
assigned 25-50%) × 0.375] / [sum (AA records within the Ridge-Shallow habitat)] 
= [(15) × 0.055 + (3) × 0.175 + (0) × 0.375] / [21] = 6.43% 
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RESULTS & DISCUSSION 

 
Supervised Classification (Multi-Pass DA) 

 

The multi-pass DA refined the training dataset into pure end-member classes of 
geomorphological and biological attributes with only a modest reduction of data. The 
overall accuracy of the 26,594 training records submitted to the 1stPass DA was 59.3% 
for fourteen categories (eight geomorphological BHM categories and six gorgonian 
categories). That was quite high for a first pass, recognizing a priori that many of the 
categories were not mutually exclusive. By definition (Walker 2009), sand is a 
component of the Sand-Shallow, Sand-Deep, Colonized Pavement-Shallow, Ridge- 
Shallow, Ridge-Deep, Aggregated Patch Reef-Deep, and Spur and Groove habitats. 
Moreover, the topographic complexity of some hardbottom categories varied 
considerably within and between mapped polygons. A wide range of topographic 
complexity is evident in the LiDAR surface of the Linear Reef-Inner polygons in Figure 
13b. The Linear Reef-Inner polygons circumscribed by the Ridge-Shallow habitat are far 
less complex than the strip of Linear Reef-Inner on the east side of the image. Further 
evidence of the heterogeneity of BHM polygons can be seen in Table 1, a compilation of 
the review of 437 60-second AA videos (Appendix A1-A6). A large percentage of AA 
traverses crossed a habitat boundary and encountered variable relief (particularly 
acoustic classes 4-8), even though the average AA sample “purity” (percentage of pings 
acquired within the target habitat) was greater than 90% for all categories. 

 
The overall predictive accuracy increased to 98.2% in the 3rdPassDA by strategically 
removing 55% of the training records, based on the results of the 1st and 2ndPass DA’s 
(Figure 6). The refining effect of the multi-pass DA technique was apparent in the 
scatterplots of discriminant functions (analogous to the principle components). With 
each successive pass the gaps between acoustic classes increased, transforming the 
training dataset from a diffuse continuum of records to widely separated discrete clusters 
(Figure 16). Scatterplots of the higher-order discriminant functions (e.g. DF3 versus 
DF4) illustrate the utility of a multivariate dataset. While the first two discriminant 
functions differentiated the disparate BHM categories (~80% of the total variance within 
the training dataset), it was the higher-order discriminant functions that differentiated the 
gorgonian categories from the rest of the pack. 

 
Accuracy Assessment of BHM Categories 

 

To assess the agreement between the supervised classification of acoustic data and the 
visual-interpretation of BHM categories, the 450,000+ classified survey records were 
joined with the BHM in ArcGIS 9.3 and submitted to a confusion matrix of Model 
(acoustic classifications) versus Truth (BHM classifications). The acoustic classifications 
agreed closely with the BHM (Table 2). The overall accuracy was 68.7% for the eight 
BHM categories (gorgonian classifications were not included in this analysis). The Tau 
coefficient for equal probability of group membership (Te) was 0.642 ± 0.002 (α=0.05), 



Southeast Florida Coral Reef Initiative 

8 LBSP Project 8 Final Report 

December 2011 

 

 

 
 

i.e. the rate of misclassifications was 64.2% less than would be expected from random 
assignment of acoustic records to BHM class.  The close agreement between acoustic 
and BHM classifications is apparent in the clean breaks of the classified acoustic 
trackplot, coincident with the demarcations of BHM habitats (Figures 17-18). 

 
Acoustic Prediction of Within-Habitat Variability of BHM Categories 

 

The high classification accuracy and close agreement of acoustic and BHM habitat 
boundaries validated the efficacy of the acoustic methodology, which allowed for more 
detailed interpretations of acoustic classifications. However, faithful reproduction of the 
BHM was not a primary justification for conducting the acoustic survey. Instead, the 
dense along-track sampling intensity of the acoustic survey (~ 1 record every 2m) 
allowed for detailed analysis of within-habitat variability of the relatively large BHM 
polygons (demarcated using a 1 acre minimum mapping unit). The synoptic (i.e. survey-
wide) acoustic interpretation of within-habitat variability is displayed in Table 3. Adapted 
from Table 2, it quantifies the acoustically-predicted geomorphological and biological 
(i.e. gorgonian cover) composition of the eight BHM categories. Table 3 accurately reflects 
a priori assumptions of within-habitat variability. By the definition of BHM categories 
(Walker 2009), the Sand-Shallow habitat should be the most homogeneous habitat and 
the Aggregated Patch Reef-Deep habitat should be the most heterogeneous habitat. This 
can be seen to be true by scanning down the columns of Table 3. Within the Sand-
Shallow habitat, the greatest “confusion” is with Colonized Pavement, Linear Reef, 
Sand-Deep, and Ridge-Shallow. The Colonized Pavement and Ridge-Shallow habitats 
are defined as having variable and shifting sand cover. The vertical relief of the Inner 
and Middle Linear Reefs, which are often circumscribed by sand, can be very low in 
places and can thus be expected to have a sizable sand component. Moreover, the 
spatial patterns of the Sand-Shallow “misclassifications” were not random. 

 
In Figure 17, the majority of “misclassifications” were within (i) the sand gap between 
the Ridge-Shallow and Linear Reef-Inner habitats, where pockets of Sand-Shallow 
acoustically classified as hardbottom, and (ii) along the edge of the Sand-Shallow/Sand- 
Deep boundary which runs alongside the Middle Linear Reef, where large areas of 
Sand-Shallow acoustically classified as Sand-Deep (i.e. more sorted, harder packed). 
Similarly, in Figure 18 the majority of “misclassifications” were within the sand gap 
between Linear Reef-Inner and Linear Reef-Outer, south of Government Cut. In this 
context, the 55% reduction in training records required to achieve pure end-member 
categories can be understood as the natural result of 1 MMU benthic habitats not being 
mutually exclusive. Thus, the “misclassifications” of Table 3 are actually measures of 
within-habitat variability. Table 4 is a further reduction of Table 2, grouping the acoustic 
classifications of benthic habitats into sand and hardbottom categories (it was assumed 
that the gorgonian classifications of Tables 2-3 were situated on hardbottom). 



Southeast Florida Coral Reef Initiative 

9 LBSP Project 8 Final Report 

December 2011 

 

 

 
 

Table 4 is useful in that it provides a more refined estimate of the amount of 
hardbottom habitats within the survey area. 

 
Subclassification of Sand-Shallow Benthic Habitat 

 

Figure 19 displays the acoustic classification of survey records within the Sand-Shallow 
BHM category and the visual-interpretation of bottom type for 55 AA samples acquired 
within Sand-Shallow polygons. The Sand-Shallow samples were subcategorized into 
four categories of bottom type; Sand-Ripples (nearshore), Hard-Packed Sand Flats (well-
sorted, coarse grain), Sand over Hardbottom (thin veneer of sand overlying pavement), 
and Sand/Hardbottom Mix (combination of sand and exposed hardbottom). The 
frequency of acoustic classifications for the nearshore records (red boundaries of 
Figure 19) was 94.6% Sand-Shallow, 0.0% Sand-Deep, 3.2% hardbottom (classes 3-8), 
and 2.1% gorgonians (classes 9-14). The frequency of acoustic classifications for the 
offshore records was 71.0% Sand-Shallow, 7.8% Sand-Deep, 15.2% hardbottom, and 6.0% 
gorgonians. 

 
The agreement between acoustic classifications and visually-interpreted bottom type 
was assessed by collecting classified acoustic survey records within a 50m buffer of each 
AA traverse (Table 5). The eight AA samples characterized as Sand-Ripples classified as 
94.9% Sand-Shallow (the Sand-Ripples samples were ideal examples of the BHM 
definition of Sand-Shallow). The 33 AA samples characterized as Hard-Packed Sand 
Flats classified as 71.2% Sand-Shallow and 23.7% Sand-Deep. Again, this agreed with 
the definition of BHM categories; Sand-Deep is better sorted and can be crusted over, 

i.e. semi-consolidated. The 14 AA samples characterized as Sand over Hardbottom and 
Sand/Hardbottom Mix classified as 34.0 and 25.9% hardbottom, respectively. The 
visually-estimated macroalgae and gorgonian cover were also consistent with the 
assigned bottom types. It can therefore be concluded that the acoustics detected a 
fundamental difference between the nearshore and offshore Sand-Shallow BHM 
polygons. As discussed in the previous section, the spatial patterns of acoustic 
“misclassifications” produced consistently-classified clusters spanning large distances. 
This creates the ideal scenario for using the acoustics to subclassify portions of the 
Sand-Shallow habitat, e.g. the mixed sand and hardbottom in the gap between Ridge- 
Shallow and Linear Reef-Inner habitats, and the Sand-Deep “misclassifications” along 
the Sand-Shallow/Sand-Deep boundary could be subclassified as hard-packed sand 
flats). 

 
Subclassification of the Sand-Deep Benthic Habitat 

 

Figure 20 displays the acoustic classification of survey records within the Sand-Deep 
BHM category alongside the visual-interpretation of bottom type for 45 AA samples 
acquired within the Sand-Deep polygons. The Sand-Deep samples were subcategorized 
into six categories of bottom type; Sand-Flat (well sorted, coarse grain), Crustose 
(surficial sediment crusted into clumps of varying size), Sand over Hardbottom (thin 
veneer of sand overlying pavement), and Sand/Hardbottom Mix (combination of sand 
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and exposed hardbottom), Hardbottom, and Algal Plain (sand partially consolidated by 
abundant and diverse macroalgae, suitable for colonization by encrusting and erect 
colonies of sponges and small deep-water gorgonians). Arguably the most ecologically 
significant habitat is the Algal Plain, a claim that could be supported by common 
occurrence of various species of fish seen in the AA videos. As with the Sand-Shallow 
category, there was a clear longitudinal component to the zonation of acoustic 
classifications. East of Outer Linear Reef, 70.3% of the acoustic classifications were 
Ridge-Deep. Visual-interpretation was exclusively divided between Sand over 
Hardbottom – Sand/Hardbottom Mix and Algal Plain; fourteen AA samples were 
classified as Algal Plain, eight as Sand over Hardbottom, and one as Sand/Hardbottom 
mix. One stretch of 10 consecutive Algal Plain classifications, just north of Government 
Cut, extended for nearly a mile. Another stretch of 5 consecutive Sand over Hardbottom 
classifications extended for over half a mile. Given the number of large gaps in AA 
coverage, it’s likely that Sand over Hardbottom and Algal Plain habitats extend 
homogeneously over even larger expanses. West of the Outer Linear Reef, 79.1% of the 
acoustic classifications were Sand-Deep. Most of the balance (16.2%) of acoustic 
classifications was split between Aggregated Patch Reef-Deep and Colonized Pavement-
Deep/Linear Reef-Middle/Linear Reef-Outer. 

 
The agreement between acoustic classifications and visually-interpreted bottom type 
was assessed by collecting classified acoustic survey records within a 50m buffer of each 
AA traverse (Table 6). The sixteen AA samples characterized as Sand-Flat and Sand- 
Crustose classified as 91.0% Sand-Deep and 7.9% hardbottom (both the Sand-Flat and 
Sand-Crustose subcategories are representative of the BHM definition of Sand-Deep). 
As previously seen with Sand-Shallow, the AA samples characterized as Sand over 
Hardbottom and Mixed Sand and Hardbottom classified very similarly; 32.7% Sand- 
Deep/64.9% hardbottom and 46.2% Sand-Deep/53.1% hardbottom, respectively. The 2 
Hardbottom samples and 14 Algal Plains samples acoustically classified as 91.6% and 
83.5% hardbottom, respectively. While the 14-class acoustic classification did not clearly 
distinguish between Algal Plain, Sand over Hardbottom, and Mixed Sand/Hardbottom, 
the author is confident that the Sand-Deep dataset could be accurately clustered into 
these categories for revisions to the current BHM. 

 
Classification of Gorgonian Cover and Canopy Height 

 

Figure 21 displays the complete survey trackplot, highlighting the three acoustic 
categories of gorgonian percent cover and canopy height; (1) 10-25% 0.25-0.50m, (2) 10- 
25% 0.50-1.5m, and (3) 25-50% 0.50-1.5m. The gorgonian classifications corresponded 
very closely with the breaks between BHM sand and hardbottom categories. In general, 
gorgonian cover was predicted wherever there was hardbottom. There were a few 
notable exceptions. The northern half of the BHM Colonized Pavement-Shallow 
polygon just south of Haulover Inlet was devoid of acoustically-predicted gorgonian 
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cover. However, that same northern portion classified acoustically as Sand-Shallow, 
demonstrating the ephemeral nature of shifting sand cover on these nearshore 
hardbottom habitats. Predicted gorgonian cover appears to be lower south of 
Government Cut. This suspicion was validated by the frequency of acoustic records that 
classified into the three major categories of gorgonian cover (and the resultant 
quantification of gorgonian cover), computed separately for the nine BHM hardbottom 
categories north and south of Government Cut (Table 7). A more visually-intuitive map 
of gorgonian cover was produced by joining the classified acoustic trackplot with the 
BHM in ArcGIS 9.3 and computing the percent cover of gorgonians from frequency of 
acoustic classifications within 292 polygons of detailed geomorphological structure 
(Figure 22). 

 
The efficacy of the acoustic prediction of gorgonians was assessed using three 
approaches. First, a synoptic characterization of gorgonian cover by BHM category was 
produced by the relatively uncomplicated and straightforward method of visual- 
interpretation of the 437 AA samples (Table 8). Gorgonian cover was found to be 
greatest on the Spur and Groove habitat (14.1%), followed by a large grouping of six 
categories that were essentially equivalent; Colonized Pavement-South (10.8%), Ridge- 
Shallow (10.2%), Linear Reef-Middle (10.2%), Aggregated Patch Reef-Deep (9.6%), 
Linear Reef-Outer (8.5%), and Colonized Pavement-Deep (8.2%). The Ridge-Deep (6.4%) 
and Linear Reef-Inner (5.4%) formed a third group and the three sand categories a fourth. 
Table 9 uses the same frequency of visually-interpreted gorgonian classifications from 
the 437 AA samples, but this time they are compared to the frequency of acoustic survey 
classifications (and the resultant acoustically and visually percent cover). In general, the 
acoustic classifications follow the trends of the AA classifications, but the acoustically 
predicted cover is about half of the visually- estimated cover. This comparison suggests 
that while the relative abundance and spatial distribution of acoustic predictions is 
accurate, the absolute abundance would require a bias adjustment. The third and final 
approach is a simple comparison of the average acoustically-predicted cover of the 423 
AA samples against the range of gorgonian cover for four categories of cover (Table 10). 
Similar to Table 9, it can be seen that the acoustics do well at detecting the trend, but 
with some under-estimation. Again, the acoustic predictions of cover could be easily 
corrected using this type of calibration tool. 



Southeast Florida Coral Reef Initiative 

12 LBSP Project 8 Final Report 

December 2011 

 

 

 
 

LITERATURE CITED 
 

Banks, K. W., Riegl, B. M., Richards, V. P., Walker, B. K., Helmle, K. P., Jordan, L. K. B., 
Phipps, J., Shivji, M. S., Spieler, R. E. & Dodge, R. (2008). The Reef Tract of 
Continental Southeast Florida (Miami-Dade, Broward and Palm Beach Counties, 
USA). Coral Reefs of the USA. Coral Reefs of the World, 2008, Volume 1, 175-220 

 
Collier, C., Ruzicka, R., Banks, K., Barbieri, L., Beal, B., Bingham, D., Bohnsack, J., 

Brooke, S., Craig, N., Dodge, R., Fisher, L., Gadbois, N., Gilliam, D., Gregg, L., 
Kellison, T., Kosmynin, V., Lapointe, B., Mcdevitt, E., Phipps, J., Poulos, N., 
Proni, J., Quinn, P., Riegl, B., Spieler, R., Walczak, J., Walker, B. & Warrick, D. 
(2008) The State of Coral Reef Ecosystems of Southeast Florida. In Waddell, J. E. 

& Clarke, A. M. (Eds.) The State of Coral Reef Ecosystems of the United States and 
Pacific Freely Associated States: 2008. Silver Spring, MD, NOAA Technical 
Memorandum NOS NCCOS 73. NOAA/NCCOS Center for Coastal Monitoring 
and Assessment’s Biogeography Team. 

 
Walker, B. K., Riegl, B., & Dodge, R. E. (2008) Mapping coral reef habitats in southeast 

Florida using a combined technique approach. Journal of Coastal Research, 24, 

1138-1150. 

 
Walker, B. K. (2009) Benthic Habitat Mapping of Miami-Dade County: Visual 

Interpretation of LADS Bathymetry and Aerial Photography. Florida DEP report 

#RM069. Miami Beach, FL. Pp. 47. 



Southeast Florida Coral Reef Initiative 

13 LBSP Project 8 Final Report 

December 2011 

 

 

 
 

Table 1. Visual interpretation of 60-second Accuracy Assessment (AA) videos (excerpts from 
AA1-AA6). AA Sx Purity is the percentage of AA acoustic records that fell within the target 
Benthic Habitat Map (BHM) polygon. Although most AA samples were completely contained 
within the target BHM polygon, the review of AA videos revealed frequent transitions of bottom 
types (e.g. sand to pavement) and variable vertical relief (e.g. spurs with deep broad channels), 
and inevitable trade-off from using a 1 acre minimum mapping unit. 

 
 

 
 
 

Table 2. Confusion matrix of acoustically-classified survey records (MODEL) and BHM 
classifications (TRUTH). Overall predictive accuracy was 68.7% for the eight categories of 
benthic habitat class (survey records that classified as gorgonian were not included in the 
analysis). 
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Table 3. Columns represent the acoustic interpretation of within-habitat variability of one acre 
mmu BHM categories, including gorgonian cover. Adapted from the confusion matrix of 
acoustically-classified survey records (Table 2). 

 
 

 
 

Table 4. Further simplification of the confusion matrix, reduced to acoustically-predicted sand 
and hardbottom constituents of the eight BHM classes. Gorgonian classifications were lumped 
with hardbottom classifications, consistent with their preferred habitat. 
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Table 5. Subclassification of AA samples acquired within the Sand-Shallow habitat, based on 
the review of AA videos, into bottom types of (1) Sand-Ripples, (2) Hard-Packed Sand Flat, (3) 
Sand over Hardbottom, and (4) Mixed Sand and Hardbottom. Acoustically-classified survey 
data was selected using a 50m buffer around the traverse of individual AA records.  The 
frequency of acoustic classifications validated the subclasses of bottom type. The acoustic 
classification of the nearshore sand with ripples samples averaged 94.9% Sand-Shallow. The 
Hard-Packed Sand Flat classified as 23.7% Sand-Deep (which tends to be well-sorted and semi- 
consolidated). The Sand over Hardbottom (thin veneer of sand over pavement) and Mixed Sand 
and Hardbottom subclassifications both had substantial proportions of Hardbottom (BHM 
Classes 3-8). The visual estimation of macroalgae and gorgonian cover agreed with the 
subclassifications; the harder bottom types had higher cover of both. 

 
 

 
 

Table 6. Subclassification of AA samples acquired within the Sand-Deep habitat, based on the 
review of AA videos, into bottom types of (1) Sand-Flat and Sand-Crustose, (2) Sand over 
Hardbottom, (3) Mixed Sand and Hardbottom, (4) Hardbottom, and (5) Algal Plain. 
Acoustically-classified survey data was selected using a 50m buffer around the traverse of 
individual AA records. The frequency of acoustic classifications validated the subclasses of 
bottom type. The acoustic classification of Sand-Flat and Crustose samples averaged 91.0% 
Sand-Deep (both are representative of the BHM definition of Sand-Deep). As with the Sand- 
Shallow samples, the Sand over Hardbottom and Mixed Sand and Hardbottom classified 
similarly (although they were bother “harder” than their Sand-Shallow counterparts). The 
Hardbottom and Algal Plain samples both predominantly classified as Hardbottom. 
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Table 7. Comparison of the acoustically-predicted gorgonian cover on the hardbottom habitats 
North and South of Government Cut, validating the visually-apparent difference in gorgonian 
abundance evidenced by the classified survey trackplot of Figure 21. 
 

 
 

Table 8. An uncomplicated and reliable method for assessing the efficacy of acoustic 
predictions of gorgonian cover. A synoptic characterization of gorgonian cover obtained from 
the visual-interpretation of gorgonian cover from the 437 AA videos. 
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Table 9. Synoptic comparison of the efficacy of gorgonian classification. The visual 
interpretation of gorgonian cover from the 437 AA videos is compared to the acoustic 
classification of survey records. 

 
 

 
 

Table 10. Direct comparison of the acoustic classification of gorgonian cover from the 60- 
second AA samples against the defining range of gorgonian cover for each category of 
gorgonian cover. 
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Figure 1. Trackplot (unclassified) of the 2010-2011 acoustic survey of Miami-Dade County, 
overlying the 2009 benthic habitat map derived from visual interpretation of LiDAR and aerial 
imagery. 
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Figure 2.  Acoustic equipment. (left) Swing-arm in horizontal (traveling) position with 420 and 

38  kHz  transducers  and  Trimble  antenna.  (middle)  Inside  v-berth  of  survey  vessel  with 

BioSonics DT-X echosounder, Trimble receiver, and acquisition PC. (right) Monitor displaying 
gps-navigation over pre-planned lines and real-time echo returns. 

 
 

 
 

Figure 3.  Depiction of the five acoustic parameters (E0, E1’, E1, E2, FD) computed from echo 
envelopes during post-processing in Visual Bottom Typer software. 
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Figure 4. Empirical depth normalization. 200,000+ records acquired over Sand-Shallow and 
Sand-Deep habitats, binned into 0.5m increments of depth. Fitted curves (solid lines) were used 
tor empirically normalize acoustic parameters to the average survey depth of 20m. Correction 
factors were applied to each acoustic record, calculated as the ratio of model-predicted value of 
the acoustic parameter at the actual depth divided by the model-predicted value of the acoustic 
parameter at the reference depth. The 38 and 418 kHz E0’s and the 38 kHz E1 and FD did not 
require empirical depth-normalization. 
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Figure 5. Illustration of the Maximum Slope Quality Analysis filter. This filter detects acoustic 
records acquired on steep edges, which is problematic because the signal wavefront ensonifies 
an ellipse instead of a circle, resulting in a stretched and flattened echo envelope. The filter also 
removes records acquired during excessive pitch and roll of the survey vessel (tilting the boat 
over a flat surface is equivalent to normal-incidence signal onto a steep slope). 
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Figure 6. Multi-Pass discriminant analysis (DA) for refining training dataset into pure end- 
member classes. Only those catalog records (1) classify correctly and (2) exceed a minimum 
probability for group membership are passed on to the next DA. The Fisher’s Linear 
Discriminant Functions obtained from the 3rdPass DA were used to classify survey data into 
one of fourteen classes (8 BHM categories and 6 gorgonian categories). 
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Figure 7. Benthic habitat maps (38 kHz E1). 291 benthic habitat polygons of 15 detailed 
categories of geomorphological structure were populated with 500,000+ acoustic survey 
records. These maps demonstrate the discriminatory power of individual acoustic parameters 
and hint at the potential of the dual-frequency multivariate dataset used in this survey. 
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Figure 8. Benthic habitat maps (38 kHz E2). 291 benthic habitat polygons of 15 detailed 
categories of geomorphological structure were populated with 500,000+ acoustic survey 
records. These maps demonstrate the discriminatory power of individual acoustic parameters 
and hint at the potential of the dual-frequency multivariate dataset used in this survey. 
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Figure 9. Benthic habitat maps (Fractal Dimension). 291 benthic habitat polygons of 15 detailed 
categories of geomorphological structure were populated with 500,000+ acoustic survey 
records. These maps demonstrate the discriminatory power of individual acoustic parameters 
and hint at the potential of the dual-frequency multivariate dataset used in this survey. 
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Figure 10. Benthic habitat maps (418 kHz E1). 291 benthic habitat polygons of 15 detailed 
categories of geomorphological structure were populated with 500,000+ acoustic survey 
records. These maps demonstrate the discriminatory power of individual acoustic parameters 
and hint at the potential of the dual-frequency multivariate dataset used in this survey. 
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Figure 11. Benthic habitat maps (418 kHz E2). 291 benthic habitat polygons of 15 detailed 
categories of geomorphological structure were populated with 500,000+ acoustic survey 
records. These maps demonstrate the discriminatory power of individual acoustic parameters 
and hint at the potential of the dual-frequency multivariate dataset used in this survey. 
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Figure 12. Benthic habitat maps (418 kHz Fractal Dimension). 291 benthic habitat polygons of 15 
detailed categories of geomorphological structure were populated with 500,000+ acoustic 
survey records. These maps demonstrate the discriminatory power of individual acoustic 
parameters and hint at the potential of the dual-frequency multivariate dataset used in this 
survey. 
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Figure 13. Illustration of the rationale for combining selected BHM habitat classes in the 
acoustic training dataset. (A) The LiDAR topography is very similar for the acoustically- 
indistinguishable Colonized Pavement-Deep and Linear Reef-Outer categories. (B) The major 
structural difference between Colonized Pavement-Shallow and Ridge-Shallow habitats is relief, 
which is not acoustically distinguishable. Otherwise the two habitats consistently appear very 
similar in the LiDAR imagery. 
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Figure 14. Visual Bottom Typer screenshots of representative samples for a few select BHM 
classes. The echo envelope of a single ping is on the left the 60 seconds of pings are on the right. 
The effect of gorgonians can be seen as a larger E1 (scattering within the canopy increases the 
path length and affected signal returns later), a decrease in E2 (due to scattering, less likely to 
make the double round trip), and an increase in the spikiness of E1 (greater FD). 
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Figure 15.  The six Accuracy Assessment (AA) corridors (red rectangles) and the 437 60-second 
AA sonar+video samples, presented as the visually-interpreted goronian percent cover. 
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Figure 16. Scatterplots of Discriminant Functions (DF) for the Multi-Pass DA of the 14 category 
training dataset. Ellipses are one standard deviation about the mean. The percentages in the 
lower-left corner are the amount of variance accounted for by DF’s. At the third pass there is a 
dramatic increase in the separation between groups (~55% of the training records were de- 
selected). The DF1&2 discriminate between the eight BHM categories, while DF3&4 separate 
differentiate the gorgonian clusters from the BHM categories. 
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Figure 17. Trackplot of acoustically-classified survey data in the northern study area, alongside 
the benthic habitat map. 
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Figure 18. Trackplot of acoustically-classified survey data in the southern study area, alongside 
the benthic habitat map. 
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Figure 19. The same trackplot of acoustically classified survey data displayed in Figure 18, but 
restricted to the Sand-Shallow habitat of the benthic habitat map. 55 Sand-Shallow AA samples 
were re-classified into categories of Sand-Ripples, Hard-Packed Sand Flat, Sand over 
Hardbottom, and Sand/Hardbottom Mix. The acoustic classifications agree well with these 
bottom type designations (Table 5), suggesting it should be possible to subcategorize the Sand- 
Shallow habitat. 
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Figure 20. The same trackplot of acoustically classified survey data displayed in Figure 18, but 
restricted to the Sand-Deep habitat of the benthic habitat map. 45 Sand-Shallow AA samples 
were re-classified into categories of Sand-Flat, Crustose, Sand over Hardbottom, 
Sand/Hardbottom Mix, and Algal Plain. The acoustic classifications agree well with these 
bottom type designations (Table 6), suggesting it should be possible to subcategorize the Sand- 
Deep habitat. The Algal Plain subcategory would appear to be the most ecologically significant 
contribution. 
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Figure 21. Acoustically classified survey trackplot highlighting the spatial distribution  of 
gorgonian classifications. In general, where there is hardbottom there are gorgonians, but closer 
examination reveals patterns of zonation. 
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Figure 22. A more intuitively obvious method for displaying acoustic predictions of gorgonian 
cover. Acoustically classified survey trackplot highlighting the spatial distribution, 291 benthic 
habitat polygons of geomorphological structure were populated with 500,000+ acoustic survey 
records. 
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APPENDICES 
Appendix A1. Samples 1-80 of Accuracy Assessment dataset. 
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Appendix A2. Samples 81-160 of Accuracy Assessment dataset. 
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Appendix A3. Samples 161-240 of Accuracy Assessment dataset. 
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Appendix A4. Samples 241-322 of Accuracy Assessment dataset. 
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Appendix A5. Samples 323-407 of Accuracy Assessment dataset. 

 

 



Southeast Florida Coral Reef Initiative 

44 LBSP Project 8 Final Report 

December 2011 

 

 

 

Appendix A6. Samples 408-444 of Accuracy Assessment dataset. 
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